RNAs are treated with calf-intestinal phosphatase, they described in Neurospora where the phenomenon was mediate efficient RNAi in vitro. These siRNAs, as well termed "quelling" (Cogoni et al., 1996) . as a synthetic 21-nucleotide GFP duplex siRNA, are A remarkable aspect of this process is that the local shown to act as mRNA-specific primers that are incorpoinduction of gene silencing can spread throughout the rated during the subsequent conversion of the target organism and is often heritable to the next generation. mRNA into dsRNA. Nascent dsRNA is then cleaved by This is particularly true in plants ( shown to mediate the incorporation of a synthetic siRNA (Grishok et al., 2000) . Furthermore, only a few molecules into nascent dsRNA. We propose that repeated cycles of dsRNA per cell or embryo completely silence the of dsRNA synthesis and concomitant siRNA/primer procorresponding gene, a result that led to the speculation duction result in targeted mRNA degradation, and that this process can account for the underlying mechanism responsible for PTGS, quelling, and RNAi. 
Results
appearance of siRNAs was also noted previously for Drosophila embryos injected with 32 P-labeled dsRNA (Yang et al., 2000) . The amount of GFP siRNAs produced Production of siRNAs Can Occur in the Absence of RNAi depended upon the input concentration of GFP dsRNA and this, in turn, was correlated with the level of RNAi Drosophila embryo extracts proficient in RNAi were prepared (Tuschl et al., 1999) to study the dsRNA-depenin the reaction (Figure 1) . Below a threshold concentration for the siRNAs, targeted mRNA degradation did not dent degradation of mRNA. Figure 2A , lane 2). This was not whereas no targeting was detected at or below 20 pM GFP dsRNA ( Figures 1A and 1B) .
32
P-labeled full-length due to a nonspecific interaction between RNA and the nuclease (Wang and Gegenheimer, 1990 ) since the si-GFP dsRNA was also used to look at the concentrationdependent appearance of the siRNAs produced under multaneous addition of micrococcal nuclease, EGTA, and calcium to extracts was previously shown not to silencing and nonsilencing conditions. Although 20 pM GFP dsRNA did not support detectable targeted GFP inhibit or affect RNAi (Hammond et al., 2000) . The production of siRNAs was analyzed in the same reaction mRNA degradation, the time course of appearance for the siRNAs was the same for both 20 pM and 200 pM at 30 and 60 min time points using 10 nM full-length 32 Plabeled GFP dsRNA as a cleavage substrate. In micro-GFP dsRNA and reached a plateau value within 15 min of incubation ( Figure 1C) . A similar time course for the coccal nuclease-treated extract, the rate of appearance Extract incubated with unlabeled GFP dsRNA prior matches (Meador et al., 1990) . to micrococcal nuclease treatment also was unable to direct the degradation of GFP mRNA added subsesiRNAs Require a 3-Hydroxyl Group to Direct RNAi In Vitro quently to the reaction (Figure 2A, lane 3) . However, an examination of the GFP siRNAs produced under these Using micrococcal nuclease and 500 ng of unlabeled GFP dsRNA, we prepared an RNA fraction enriched for conditions revealed that the small RNAs remained resistant to nuclease digestion and were produced in the GFP-specific siRNAs for further testing in RNAi reactions. Addition of this RNA fraction to a silencing amounts comparable to that seen in control reactions ( Figure 2B, compare lanes 1 and 3) 
P-labeled siRNAs (2.5 ϫ 10 5 cpm), corresponding to 250 pg of dsRNA, were prepared from full-size GFP and Pp-Luc 32 P-labeled dsRNAs using the micrococcal nuclease digestion procedure and assayed for template RNA-dependent incorporation into larger RNAs. Full-size GFP (716 bp) and PpLuc (1652 bp) single strand, double strand, and capped/ adenylated RNAs were used as templates. The reaction products were analyzed on denaturing 1.5% agarose formaldehyde gels. Consistent with their role as primers for RdRP activity, the labeled GFP siRNAs were incorporated specifically into full-size RNA for all the templates ( Figure 4A ). Heterologous RNA/siRNA combinations did not result in any detectable siRNA incorporation ( Figure  4A ) and neither single-nor double-stranded DNA substrates served as templates for siRNA uptake (data not shown).
siRNAs Are Incorporated into dsRNA that Is Subsequently Degraded We wanted to determine if the full-length RNAs labeled with siRNAs were double stranded. The reaction products were digested with RNase one and found to be resistant to nuclease digestion under conditions that completely degraded single-stranded GFP RNA transcribed in vitro with T7 RNA polymerase ( Figure 4B ). The slight sensitivity of the dsRNAs derived from the different RNA templates suggested that some of them might have contained gaps or mismatches susceptible to RNase one digestion. RNase T1, which does not degrade dsRNA but cleaves single stranded RNA 3Ј to G residues, also did not degrade the siRNA-labeled RNAs, as shown for GFP mRNA derived dsRNA ( Figure 4B ). Therefore, the siRNA-abeled RNAs are double stranded.
The siRNA-labeled RNAs could also serve as substrate for cleavage by RNase III-related enzymes. To test this, the full-length GFP dsRNA (shown in Figure  4A ) was gel purified and incubated in extract. As shown in Figure 4C , lane 3, the siRNA-labeled RNA was processed to produce new GFP siRNAs. both the Pp-Luc and GFP templates ( Figure 5A , panels 1 and 3) and reached a maximum level within 5-10 min of incubation before the onset of degradation was obdemonstration that the GFP siRNAs produced in a siserved. A longer exposure revealed that the siRNAs were lencing reaction efficiently target degradation of the corincorporated into shorter products that were degraded responding mRNA and that this activity required a 3Ј during the time course of the reaction ( Figure 5A , panels hydroxyl group on the siRNAs. 2 and 4). By the end of the incubation period, more than 90% of the siRNA-labeled dsRNA was degraded while nascent siRNAs continually increased over the time siRNAs Behave as Primers and Are Incorporated into dsRNA course of the reaction (Figures 5A and 5B ). SiRNA levels did not plateau within 15 min, as observed with the The requirement for a 3Ј-hydroxyl group on the GFP siRNAs to degrade the target mRNA indicated that they addition of labeled dsRNA to the extract, but continued to accumulate ( Figure 5B ). This result confirmed that the might serve as primers for an RdRP activity in RNAi. If this was correct, labeled siRNAs would be incorporated siRNA-labeled RNA was double stranded since singlestranded RNA is not a substrate for RNase III-related into RNA product dependent specifically upon the use enzymes and does not produce siRNAs. When GFP strand ( Figure 6A ). This siRNA was tested for templatespecific incorporation into full-length GFP dsRNA using dsRNA was used as template for siRNA incorporation, the production of new siRNAs was significantly slower sense and antisense GFP and Pp-Luc RNAs. Specific incorporation would provide evidence for RdRP activity and reached a lower level compared to that seen with mRNA template (Figure 5B, compare dsGFP to ssGFP) . in the extract. This synthetic duplex siRNA primed the synthesis of essentially full-length GFP dsRNA only This can be explained by the fact that cold dsRNA template competes with the newly labeled dsRNA for the when the antisense RNA strand was used as template ( Figure 6B ). The sense strand template primed the syncleavage reaction, as shown in the previous results (Figure 2B, compare lanes 3 and 4) . SiRNAs incubated in thesis of the predicted 44 nucleotide fragment corresponding to the number of base pairs from the 3Ј end the absence of template remained at the same position and intensity and did not shift into new products at all of the siRNA to the GFP AUG start codon at the 5Ј end of the template ( Figure 6B ). Pp-Luc templates did not time points ( Figure 5B, no template) . Therefore, siRNAs are used to convert the target produce any incorporation of the GFP siRNA ( Figure  6B ). Therefore, both strands of the siRNA were used as mRNA into dsRNA, which is then cleaved by RNase III activity in the extract to eliminate the target RNA while primers on the appropriate template strand and were incorporated into dsRNA as a single primer event. producing a new set of siRNAs to repeat the process.
The dsRNA produced with the synthetic GFP duplex siRNA was also synthesized and degraded with kinetics A Synthetic 21 nt GFP Duplex siRNA Is Incorporated into Full-Length similar to the GFP dsRNA produced with micrococcal nuclease-generated GFP siRNAs ( Figure 6D ). This result GFP dsRNA It has been recently shown that synthetic 21 nt duplex suggests that a single primer in the natural siRNA population would be capable of priming the entire GFP siRNAs can mediate RNAi in both Drosophila embryo extracts and in Schneider cells (Elbashir et al., 2001b) .
dsRNA. Using the synthetic GFP siRNA, we never saw the intermediate products noted with the natural siRNAs We prepared a Efforts to use unlabeled siRNAs and 32 P-UTP to follow 7). We present substantial evidence for RdRP activity in Drosophila extracts and suggest siRNA incorporation dsRNA synthesis were unsuccessful due to the high levels of nonspecific UTP incorporation in the extract into dsRNA involves RdRP, the crucial step in the amplification of the target RNA for rapid degradation by that were unaffected by ␣-amanitin and actinomycin D. Nevertheless, the incorporation of the synthetic 21
RNase III-type activity. Although we cannot exclude that siRNAs may be incorporated into dsRNA by a direct nucleotide GFP duplex siRNA into dsRNA is consistent with the presence of RdRP in the extract and its role "guide" mechanism not involving RdRP, such a process would not give the sufficient amplification of the doublein the siRNA-dependent generation of dsRNA from the mRNA target. stranded RNA target. This would be needed to trigger efficient RNAi with substoichiometric levels of the initiating double-stranded trigger RNA. Consistent with the Discussion genetic screens in other lower eukaryotes, our results suggest a role for RdRP in Drosophila RNAi as well. the full-length dsRNA from which they were derived, suggesting there is some optimal length for siRNAs in gering dsRNA would also play a role in the efficacy of silencing since the RdRP amplification step would RNAi. The conservation in the size range for the small RNAs associated with silencing in all the species examdepend upon the production and functionality of the siRNAs. We show that both strands of a synthetic 21 ined proposes that it may be closely correlated with primer function. This could be due to some unique propnucleotide GFP duplex siRNA function as primers to give the expected RNA products when the appropriate erty of primer activity in a protein complex that has yet to be identified. GFP template strand is used (Figure 6 ).
Model for RNAi
The length of the siRNAs may be an important aspect We demonstrate that siRNAs require a 3Ј hydroxyl group for function in RNAi The micrococcal nuclease generated siRNAs described here are functional in RNAi and can be incorporated into and none at 16ЊC (Parrish et al., 2000) . However, chemically synthesized 21 and 22 nucleotide siRNAs can medsRNA after phosphatase treatment (Figure 3) to remove the 3Ј phosphate group produced by the nuclease digesdiate targeted RNA cleavage in Drosophila embryo ex-In agreement with the results reported using the synthetic siRNAs hybridized to RNA (Elbashir et al., 2001b) , we show that cleavage of the GFP target RNA occurs after the synthetic GFP siRNA is incorporated into dsRNA. If cleavage occurred in the template RNA immediately upon binding to the synthetic GFP siRNA, no full-length GFP dsRNA would have been observed. Therefore, cleavage occurs in the nascent dsRNA in regions inside and outside the zone represented by the initial siRNA since the primers are extended to make dsRNA. The fact that the synthetic GFP siRNA is extended to the 5Ј end of the sense strand template ( Figure  6B ) would also restrict cleavage, in this instance, to the region upstream of the 3Ј terminus of the siRNA. Any region of the target RNA converted into duplex by a given siRNA would be subject to digestion by RNase III activity.
A Role for RdRP in Drosophila RNAi
It has been proposed previously that there is no amplification of the trigger dsRNA in RNAi in C. elegans (Sharp, 2001 ), based upon the effects of asymmetric strand substitutions in the input dsRNA (Parrish et al., 2000) . We provide evidence that both single-and double-stranded RNAs can serve as templates for siRNA incorporation into dsRNA in Drosophila extract. However, the rapid degradation of dsRNA suggests that amplification of the trigger dsRNA is of limited value. In the substitution experiments described by Fire et al. (Parrish et al., 2000) , the dsRNA trigger, but this remains to be demonstrated.
Preparation of siRNAs Predictions from the Degradative PCR Model
For preparative amounts of siRNAs, 500 ng to 10 g of unlabeled dsRNA was added to 100 l of S100 extract, prepared from embryo Double-stranded RNA is processed into siRNA primers 
